For the use of Ionic Liquids as solvents it is very important to know about their interaction with different solutes. Activity coefficients at infinite dilution of a solute i(γ i ∞ ) can be used to quantify the volatility of the solute as well as to provide information on the intermolecular energy between solvent and solute. Values of γ i ∞ are also important for evaluating the potential uses of ILs in liquid-liquid extraction and extractive distillation. Since ILs have a negligible vapor pressure, the gas-liquid chromatography (GLC) using the ionic liquid as stationary phase, is the most suitable method for measuring activity coefficients at infinite dilution γ i ∞ . A large number of studies on the activity coefficients at infinite dilution γ i ∞ of organic solvents in different ILs have been reported in the past decade . In this section, we first introduce the experimental techniques used to measure the activity coefficients at infinite dilution, γ i ∞ ; then describe our results of γ i ∞ and compare them with literature data. Most results of these studies have been published since 2000. Finally, we dicuss the separation problems of hexane/benzene and cyclohexane/benzene by use of Ils based on the results of γ i ∞ .
Introduction
Research of ionic liquids (ILs) is one of the most rapidly growing fields in the past years, focusing on the ultimate aim of large scale industrial applications. Due to their unique tunable properties, such as negligible vapor pressure at room temperature, stable liquid phase over a wide temperature range and thermal stability at high temperatures, ionic liquids are creating an continuously growing interest to use them in synthesis and catalysis as well as extraction processes for the reduction of the amount of volatile organic solvents (VOSs) used in industry. For the general understanding of these materials it is of importance to develop characterization techniques to determine their thermodynamic and physicochemical properties as well as predict properties of unknown Ionic Liquids to optimize their performance and to increase their potential future application areas. Our laboratory in cooperation with several national and international academic and industrial partners is contributing to these efforts by the establishment of various dedicated characterization techniques (like activity coefficient measurements using GC technology) as well as determination of thermodynamic and physicochemical properties from a continuously growing portfolio of (functionalized) ionic liquids. Based on the received property data we published several papers related to the adjacent prediction of properties (like molar enthalpy of vaporization, parachor, interstice volume, interstice fractions, thermal expansion coefficient, standard entropy etc.). Additionally our laboratory created and launched a new most comprehensive Ionic Liquid property data base--delph-IL.(www.delphil.net). This fast growing collections of IL data will support researchers in the field to find and evaluate potential materials for their applications and hence decrease the time for new developments. In this chapter we introduce the following techniques, summarize recent published results completed by our own investigations: 1. Activity coefficient measurements using GC technique, 2. Thermodynamic properties determined by adiabatic calorimetry and thermal analysis (DSC, TG-DTG). 3. Estimation and prediction of physicochemical properties of ILs based on experimental density and surface tension data.
Ionic Liquids (ILs) are often called designer solvents or task specific ionic liquids (TSILs) because of their possible tailoring to fulfil technological demands of various applications. IL properties can be significantly adjusted by tailoring their anion and/or cation structures. 1 Due to their unique properties such as nonflammability, wide liquid range, stability at high temperatures, and negligible vapor pressure, ionic liquids created interest to use them in separation process as potential green replacement for conventional volatile, flammable and toxic organic solvents. Therefore it is very important to know their interaction with different solutes. Activity coefficients at infinite dilution of a solute i ( ∞ ) can be used to quantify the volatility of the solute as well as to provide information on the intermolecular energy between solvent and solute. 2, 3 Since ILs have a negligible vapor pressure, the gas-liquid chromatography (GLC) using the ionic liquid as stationary phase is the most suitable method for measuring activity coefficients at infinite dilution ∞ . Experimental ∞ data provide useful information about the interaction between the solvent (IL) and solute. Disubstituted imidazolium based ionic liquids are a class of very promising extraction and separation reagents, being reported in various publications. Most of this research work is based on anions like [BF 4 ] -, [4] [5] [6] [7] [8] [PF 6 ] -, 9 [N(CF 3 SO 2 ) 2 ] -, [10] [11] [12] [13] [14] [Br] -, 15 [Cl] -, 16 [CF 3 SO 3 ] -, [17] [18] [19] [SCN] -, 20, 21 [MDEGSO 4 ] -, 22 [FeCl 4 ] -, 23 and [CoBr 4 ] -. 24 In separation processes property of the extractant is very important, namely its selectivity S ij ∞ which can be directly calculated from activity coefficients at infinite dilution for different separation processes. Untill now [BMIM] [SCN] and [EMIM] [SCN] showed much higher S ij ∞ (i = hexane, j = benzene) values compared to other ILs due to their small anoin [SCN] . In order to expand our knowledge about the nature of ILs, the influence of the anion structure on the thermodynamic properties of the disubstituted imidazolium based ionic liquid with [FAP] , 25 [TCB], 26 and bis(oxalato)borate [BOB] , 27 Anions were studied in our work. Structures of investigated ILs are presented below: 
General techniques 2.2.1 Pre-processing
The purity of ILs was checked by 1H NMR, 13C NMR and 11B NMR spectroscopy. The water content was determined by Karl-Fischer titration, and were found to be less than 100 ppm. Before use, the support material and ILs were subjected to vacuum treatment with heating to remove traces of adsorbed moisture.
Experimental procedure
The GC column used in the experiment were constructed of stainless steel with length of 2 m and an inner diameter of 2 mm. Dichloromethane or methanol can be used as solvent to coat ILs onto the solid support 101 AW (80/100 mesh) by a rotary evaporator to ensure the homogeneous spread of the IL onto the surface of support. The solid support was weighed before and after the coating process. To avoid possible residual adsorption effects of the solutes on the solid support, the amount of ionic liquids ( 30 .00 mass percent of the support material. Experiments were performed on a GC-7900 gas chromatograph apparatus, supplied by Shanghai Techcomp Limited Company in China equipped with a heated on-column injector and a flame ionization detector. The carrier gas flow rate was determined using a GL-102B Digital bubble/liquid flow meter with an uncertainty of ± 0.1 cm 3 ·min -1 , which was placed at the outlet of the column. The carrier gas flow rate was adjusted to obtain adequate retention times. The pressure drop ( -) varied between (35 and 150) kPa depending on the flow rate of the carrier gas. The pressure drop was measured by a pressure transducer implemented in the GC with an uncertainty of ± 0.1 kPa. The atmospheric pressure was measured using a membrane manometer with an uncertainty of ± 0.2 kPa. Solute injection volumes ranged from 0.1 μl to 0.3 μl and were considered to be at infinite dilution on the cloumn. The injector and detector temperature were kept at 473K and 523K respectively during all experiments. The temperature of the oven was measured with a Pt100 probe and controlled to within 0.1 K. The GLC technique and equipment was tested for the system hexane in hexadecane as stationary phase at 298 K, and the results were within 2.0 % of the literature values 28 . The uncertainty of values may be obtained from the law of propagation of errors. The following measured parameters exhibit uncertainties which must be taken into account in the error calculations with their corresponding standard deviations: the adjusted retention time t R ′, ± 0.01 min; the flow rate of the carrier gas, ± 0.1 cm 3 •min -1 ; mass of the stationary phase, ± 0.05%; the inlet pressure, ± 0.1 KPa , outlet pressure, ± 0.2 KPa; the temperature of the oven, ± 0.1 K. The main source of uncertainty in the calculation of the net retention
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volume is the determination of the mass of the stationary phase. The estimated uncertainty in determining the net retention volume V N is about ± 2%. Taking into account that thermodynamic parameters are also subject to an error, the resulting uncertainty in the values is about ± 4%.
Theoretical basis
The equation developed by Everett 29 and Cruickshank et al 30 was used in this work to calculate the γ of solutes in the ionic liquid ln ln (1) where is the standardized retention volume of the solute, P o is the outlet pressure, is the number of moles of the ionic liquid on the column packing, T is the column temperature, is the saturated vapour pressure of the solute at temperature T, B 11 is the second virial coefficient of the pure solute, is the molar volume of the solute, is the partial molar volume of the solute at infinite dilution in the solvent (assumed as the same as ) and (where 2 refers to the carrier gas, nitrogen) is the cross second virial coefficient of the solute and the carrier gas. 
where n refers to the number of carbon atoms of the solute. Using the Hudson and McCoubrey combining rules, 32,33 C and C were calculated from the critical properties of the pure component. The net retention volume was calculated with the following usual relationship
where is the retention time, G is the dead time, is the flow rate, measured by digital bubble/liquid flow meter, is the column temperature, is flowmeter temperature, is saturation vapor pressure of water at and is the pressure at the column outlet. The factor J appearing in eqs 1 and 3 corrects for the influence of the pressure drop along the column and is given by following equation 34
where and are the inlet and the outlet pressure of the GC column, respectively. The vapor pressure values were calculated using the Antoine equation and constants were taken from the literature. 35 Critical data and ionization energies used in the calculation of , were obtained from literature. 35-37 The activity coefficients of the linear alkanes, 1-alkenes, 1-alkynes, alkylbenzenes, and alkanols increase with increasing chain length. This is also a typical behaviour for other measured ionic liquids based on methylimidazolium cation. High values of signify very small interactions between solute and solvent. The values of for alkenes and cycloalkanes are similar for the same carbon number. The cyclic structure of cycloalkanes reduces the value of in comparison to the corresponding linear alkane. The values of for alkenes are lower than those for alkanes for the same carbon number. This is caused by interaction of double bonding in alkenes with the polar ionic liquid. Alkynes, aromatic hydrocarbons and alkanols have smaller values of than alkanes, cycloalkanes, and alkenes which are revealed by stronger interactions between solvent and solute. This is the result of interactions between the triple bond in alkynes, six π-delocalized electrons in aromatics and polar group in alkanols with the polar cation and anion of the ionic liquid. For alkanes, 1-alkenes, 1-alkynes and alkanols values of decrease with increasing temperature. For the rest of the investigated solutes, benzene and alkylbenzenes values of change a little with increasing temperature. By comparing Table 3 and 4, we can see that lengthening the alkane chain on the imidazolium (for the ILs with the [BOB] anion) causes a decrease in of the same solute (e.g. heptane, octane, benzene, 1-hexene) in the IL at the same temperature. This means that the imidazolum-based ILs with long alkyl chain reveals stronger interactions with solutes. This is also a typical behaviour for other measured ionic liquids based on methylimidazolium cations. Table 5 . The above trends indicate that the size of the alkyl chain on both the cation and anion plays a important role in selectivity values. 
Results and discussion

Conclusions
Thermdynamic properties of Alkyl Pyridinium Bromide Ionic Liquids determined by Adibatic Calorimetry and Thermal Analysis
Introduction
Ionic liquids are attracting increasing attention in many fields including organic chemistry, 1-4 electrochemistry, 2, 5, 6 catalysis, 7-9 physical chemistry and engineering [10] [11] [12] [13] [14] with their special physical and chemical properties, such as low vapor pressure, low inflammability, high inherent conductivities, thermal stability, liquidity over a wide temperature range, easy recycling, and being a good solvent for a wide variety of organic and inorganic chemical compounds. The physicochemical properties of an ionic liquid vary greatly depending on the molecular structure, e.g., miscibility with water and organic solvents, melting point, and viscosity. [15] [16] [17] Besides, ionic liquids are ''designable" as structural modifications in both the cation and anion permit the possibility to design task-specific applications when the ionic liquid contain a specific functionality covalently incorporated in either the cation or anion. 4 Alkyl pyridinium bromide ionic liquids, which are easy to synthesize and purify, are one of them and show good perspective in the applications of extraction and separation processes, synthetic chemistry, catalysis and materials science. [18] [19] [20] However, most scientists focus on the synthesis and application of ionic liquids while few researchers put their efforts on the fundamental thermodynamic studies. 10, [20] [21] [22] [23] As far as we know, the thermodynamic properties of ionic liquids, such as heat capacity C p,m , glass transition temperature T g , melting temperature T m , thermal decomposition temperature T decomp , enthalpy and entropy of phase transitions are important properties that reflect the structures and stabilities of compounds but rarely reported till now. In the present study, two ionic liquids 1-ethylpyridinium bromide (EPBr, CAS NO. 1906-79-2) and 1-propylpyridinium bromide (PPBr, CAS NO. 873-71-2) were prepared and the structures were characterized by 1 H-NMR. The thermodynamic properties of EPBr and PPBr were studied with adiabatic calorimetry (AC) and thermogravimatric analysis (TG-DTG). The phase change behaviour and thermodynamic properties were compared and estimated in the series alkyl pyridinium bromide ionic liquids, which were very important in industry and their application application.
Experimental section 3.2.1 Materials
All reagents were of commercial origin with purities >99.5%. 1-bromopropane (AR grade, Sinopharm Chemical Regent Co., China), pyridine and 1-bromoethane (AR grade, Tianjin Damao Chemical Reagent Co., China) were distilled before use. After absorbing the water by molecular sieves, ethyl acetate (AR grade, Tianjin Kemiou Chemical Reagent Co., China) and acetonitrile (AR grade, Tianjin Fengchuan Chemical Reagent Co., China) were distilled and used in synthesis process.
Preparation of EPBr and PPBr ILs
Pyridine (1mol) was placed in a 500 ml round-bottomed flask and stirred, and 1-bromoethane or 1-bromopropane (1.1mol) was added dropwise into the flask at 70 °C. A slight excess of the 1-bromoethyl or 1-bromopropane was used to guarantee the consumption of pyridine. Ethyl acetate (80 ml) was added to reduce the viscosity of the mixture, which was left to stir under reflux at 70 °C for 48 h. The halide salt separated as a second phase from the ethyl acetate. Excess of ethyl acetate were removed by decantation.
The following reaction equations 1 and 2 gave the reaction scheme:
The products were recrystallized from acetonitrile. The volume of acetonitrile used for the recrystallization were approximately half of the halide salt. Acetonitrile was then decanted after crystallization, this step was repeated twice. After the third cycle, the remaining acetonitrile and 1-bromoethane or 1-bromopropane were removed under reduced pressure using rotary evaporator at 70 °C, and the bromide salts were finally dried in high vacuum at 70 °C.
1 H-NMR of EPBr and PPBr ILs
The 1 H-NMR spectra were recorded on a Bruker-400Hz spectrometer and chemical shifts were reported in ppm using DMSO as an internal standard.
Adiabatic Calorimetry (AC).
Heat capacity measurements were carried out in a high-precision automated adiabatic calorimeter [24] [25] [26] which was established by Thermochemistry Laboratory of Dalian Institute of Chemical Physics, Chinese Academy of Sciences in PR China.The schematic diagram of the adiabatic calorimeter is shown in Figure 1 . To verify the reliability of the adiabatic calorimeter, the molar heat capacities of Standard Reference Material 720, Synthetic Sapphire (α-Al 2 O 3 ) were measured. The deviations of our experimental results from the recommended values by NIST 27 were within ± 0.1% in the temperature range of 80-400 K.
Thermogravimetic Analysis (TGA)
The TG measurements of the sample were carried out by a thermogravimetric analyzer (Model: TGA/ SDTA 851e, Mettler Toledo, USA) under N 2 with a flow rate of 40 ml⋅min-1 at the heating rate of 10 K⋅min-1 from 300 to 580 K, respectively. The sample about 10-15 mg was filled into alumina crucible without pressing.
Results and discussion 2.3.1 1 H-NMR of EPBr and PPBr Ils
The 1 H-NMR spectra H 400 MHz, DMSO of two ILs were listed in Talbe 1. Analysis of EPBr and PPBr by 1 H-NMR resulting in spectra is in good agreement with the literature 28 and does not show any impurities.
Low-temperature heat capacity
Experimental molar heat capacities of two ILs measured by the adiabatic calorimeter over the experimental temperature range are listed in Table 2 and plotted in Figure 2 , respectively. From Figure 2 .a.(EPBR), a smoothed curve with no endothermic or exothermic peaks was observed from the liquid nitrogen temperature to 380 K, which indicated that the sample was thermostable in this temperature range. From 380 K to 400 K, a sharply endothermic peak corresponding to a melting process was observed with the peak temperature 391.31 K. The melting process was repeated twice and the melting temperature was determined to be 391.31 ± 0.28 K according to the two experimental results. The values of experimental heat capacities can be fitted to the following polynomial equations with least square method: 29 Before the fusion (8 - 
The correlation coefficient of the fitting is r 2 = 0.9996, 0.9999, 0.9995 corresponding to equation 5, 6, 7, respectively. Table 3 .
Thermodynamic functions
The thermostability tested by TG-DTG
The TG-DTG curves shown in Figure 3 indicated that the mass loss of EPBr was completed in a single step. The sample keeps thermostable below 470 K. It begins to lose weight at about 480 K, reaches the maximum rate of weight loss at 541.229 K and completely loses its weight when the temperature reaches 575 K. Similar one-step decomposition process occurs for PPBr beginning at about 460 K and finishing at about 570 K while the peak temperature of decomposition is 536.021K.
Comparison and estimation of thermodynamic properties for alkyl pridinium bromide ionic liquids
According to experimental data in section 3.3-3.4, the thermodynamic properties as well as the structure of EPBr and PPBr were compared and estimated as follows: a. Molar heat capacity C p,m (EPBr) < C p,m (PPBr) reveals that EPBr has lower lattice energy than PPBr in low temperature due to shorter carbon chain in pyridinium cation of EPBr. This rule may be applicable in the alkyl pyridium halide family and will be verified in our further research work: >△H m (PPBr) are possibly because of the fact that the H-π bond effects of pyridinium cation played the major role in ionic compounds. 30 The more methylene group added in the cation, the more steric hindrance strengthened which results in decrease of the melting temperature and enthalpy. c. Thermal decomposition temperature T d (EPBr) > T d (PPBr) indicates that EPBr is more thermostable than PPBr which is favorable in practical applications for EPBr .
Conclusions
Two ionic liquids 1-ethylpyridinium bromide (EPBr) and 1-propylpyridinium bromide (PPBr) were prepared and characterized. The structure and purity were verified by 1 H-NMR. The thermodynamic properties of EPBr and PPBr were studied with adiabatic calorimetry (AC) and thermogravimatric analysis (TG-DTG). The phase change behaviour and thermodynamic properties were compared and estimated in a series of alkyl pyridinium bromide ionic liquids. Results indicate that EPBr has higher melting and thermal decomposition temperature, phase transition enthalpy and entropy but lower heat capacity than PPBr due to the different molecular structures. 
Estimation and prediction of physicochemical properties of imidazoliumbased ionic liquids
Introduction
The physicochemical properties of ionic liquids (ILs) at 298.15 K could be estimated and predicted in terms of empirical and semi-empirical equations, as well as the interstice model theory. In the present study, the properties of molecular volume, density, standard molar entropy, lattice energy, surface tension, parachor, molar enthalpy of vaporization, interstice volume, interstice fractions, thermal expansion coefficient were discussed. These properties first were estimated through the data of experimental density and surface tension for 4 ]), and found that the values obtained by these two equations are in good agreement with each other. Therefore, we suggest that the molar enthalpy of vaporization of ILs can be predicted by Verevkin's simple rule when experimental data for density and surface tension are not available. ILs as organic salts, often exhibits interesting properties such as low melting points, good solvation properties and non-volatility, which are required both by industrial and scientific communities for their broad application range as electrolytes in batteries and supercapacitors [1] [2] , reaction media in nanoscience [3] , physical chemistry [4] [5] and many other areas. Therefore, the data of physicochemical properties of ILs are of fundamental for their future application and valuable for an insight into the origins of their unique behavior. Recently, more and more publications reported the experimental physicochemical properties of various ILs [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Although there is a significant amount of data related to imidazolium-based ILs, properties of homologue of [ 
Volumetric, entropy and lattice energy
The molecular volume, V m , can be calculated from experimental density using the following equation:
where M is molar mass, ρ is density and N is Avogadro's constant.
According to Glasser's theory [18] , the standard molar entropy could be estimated from the equation:
where V m is the molecular volume. The lattice energy, U POT , was estimated according to the following equation [18] :
where M is molar mass and ρ is density. [20] . All of the estimated and predicted physicochemical property data are listed in Tables 1-3 . Based on the plotting, S θ , against the number of the carbons, n, in the alkyl chain of the ILs (see Fig. 1 ), the contribution per methylene group to the standard entropy, S θ , was calculated to be 35. [14] . According to these various values for the contribution per methylene group to the standard entropy in the homologue series with different anions, it could be concluded that these contributions are relatively similar for all imidazolium-based ILs. 
Parachors and Molar enthalpy of vaporization
The parachor, P, was estimated from the following equation [21] :
where M is molar mass, ρ is the density and γ is the surface tension.
According to literature [15] , the contribution per methylene (−CH 2 −) group to parachor is 31. The values of molar enthalpy of vaporization were estimated in terms of Kabo's empirical equation [22] :
where V is molar volume, γ is the surface tension and N is the Avogadro's constant.
According to Eq.(4), the surface tension can be calculated from predicted density and parachor data. [6] . The molar enthalpy of vaporization, Δ l g H m θ , then can be obtained based on the predicted density and surface tension data. All of these data are listed in Tables 1-3 and 5. The plots of density, ρ, and surface tension, γ, against the number of carbon, n, in alkyl chain of ILs at 298.15 K are shown in Fig. 2 
Interstice model theory
According to the interstice model [23] [24] the interstice volume, V, could be estimated by classical statistical mechanics:
where k b is the Boltzmann constant, T is the thermodynamic temperature and γ is the surface tension of ILs. The molar volume of ionic liquids, V, consists of the inherent volume, Vi, and the volume of the interstices; whereas the molar volume of the interstice is ∑ν=2Nν:
If the expansion volume of IL only results from the expansion of the interstices when the temperature increase, then, the thermal expansion coefficient, α, can be predicted from the interstice model:
All data obtained by this estimation and prediction are listed in Tables 1-3 . The prediction and estimation values in Tables 1-3 [6] 45.44 [6] [ [6] 35.70 [6] C [6] 32.80 [6] [ [6] 26.71 [6] [ 
Prediction of enthalpy of vaporization
Recently, Verevkin [25] has published an article titled "Predicting Enthalpy of Vaporization of Ionic Liquids: A Simple Rule for a Complex Property" in which he predicted molar enthalpy of vaporization of ILs by a simple rule in case of lack of experimental data. He proposed following simple rule:
where ΔH i is the contribution of the ith element, n i is the number of the element of the ith type in ILs, ΔH j is the contribution of the jth structural correction and n j is the number of the element of the jth structural correction in ILs. The parameters 25 for predicting the molar enthalpy of vaporization of ILs are listed in Table 4 . Verevkin pointed out that "a special structural correction could be also necessary for quaternary ammonium based ILs" [25] . Herein, the structure of the quaternary ammonium cation is regarded to be the ring of imidazolium cation, therefore, their structural correction parameter is ΔH=27.1 kJ·mol -1 . The predicted data are listed in Table 5 . From this [6] 45.44 [6] 158.8 144.7
[C 2 mim][NTf 2 ] 1.5187 [6] 35.70 [6] 132.9 139.3
[C 4 mim][NTf 2 ] 1.4366 [6] 32.80 [6] 137.9 139.0
[C 4 mim][OcSO 4 ] 1.0638 [6] 26.71 [6] 178.8 122.5
[N 4111 ][NTf 2 ] 1.3940 [6] 32.46 [6] 136 [6] 27.93 [6] 181.2 187.8
[m 3 opy][BF 4 ] 1.0945 [8] 36.51 [8] 166. 
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